Abstract-The development of a microfabricated turbopump that is capable of delivering liquid fuel with the flow rates and pressures required for portable power generation is reported. The device is composed of a spiral-groove viscous pump driven by a radial in-flow microturbine and supported using a newly developed encapsulated microball bearing. A planar-contact bearing raceway is employed using 285-μm-diameter 440C stainless steel microballs. A modification to the raceway geometry, as compared to previous designs, has enabled repeatable operation of the microturbine at speeds up to 87 000 r/min, showing negligible variations in performance for over 6 h and 3.8 million revolutions. Pumping has been demonstrated with water as the working fluid for flow rates of 10-80 mL/h and pressures rises of up to 8.2 kPa. This is the first application to incorporate an encapsulated microball bearing support mechanism, to achieve rotational speeds in excess of 50 000 r/min using a contact bearing, and to demonstrate reliable operation of more than 1 million revolutions.
I. INTRODUCTION

S
INCE the mid-1990s, power microelectromechanical systems (PowerMEMS) components and systems have received increased attention for portable (< 100-W) power applications. For these applications, liquid hydrocarbon fuels are favorable energy sources compared to conventional battery chemistries due to the significant energy density and power density contained within the fuel (at only 10% efficiency, diesel fuel can yield 4.2 MJ/kg, which is ten times more than 0.36 MJ/kg for primary batteries). PowerMEMS devices that have been investigated for portable power and take advantage of the high density energy stored in hydrocarbons include the following: gas turbine generators [1] - [3] , steam engine generators [4] , rotary engine generators [5] , and fuel cells [6] , [7] , to name a few.
Compact solutions for pumping liquid fuels are highly sought after in the miniaturized heat engine and fuel cell technologies being developed. Compact liquid pumps with form factors below 1 cm 3 , flow rates in the range of 10-100 mL/h, and pressure capabilities in the range of 5-10 kPa would enable a higher level of performance and compactness but are not currently commercially available. Numerous MEMS-based pumping mechanisms have been demonstrated, of which reviews can be found in [8] and [9] . Pumping technologies designed for a variety of liquid fuels require flexibility because of the varying fluid properties, and as such, the pumping mechanism cannot be based solely on the electrical, magnetic, or pH properties. Based on this requirement, purely mechanical pumping mechanisms that depend only on the viscosity and density of the fluid are best suited for multifuel-type delivery applications. Positive displacement pumps have dominated MEMS-based mechanical pump research with typical configurations using a pulsed diaphragm to provide flow between two opposing valves [9] . Flow rates in the range of microliters per minute to milliliters per minute have been demonstrated using batch microfabrication, but those with a form factor below 1 cm 3 have been limited to low flow rates, typically liquid flow rates below 60 mL/h for the pressure range of interest. Additional drawbacks of positive displacement pumps are rectification for low-frequency operation and the requirement of valves; these are additional moving components that impact both the lifetime and reliability of the pump device.
Alternative to MEMS displacement pumping mechanisms, rotational-based continuous pumping mechanisms that are capable of achieving the required pressures and flow rates have been demonstrated [10] - [12] . In most cases, these mechanisms operate via a rotor driven by an external or an integrated motor. Blanchard et al. [10] used a flat disc attached to a shaft and driven externally via a brushless dc motor in combination with a C-shaped channel positioned below the disc to demonstrate 0-285 mL/h with a pressure range of 0-31.1 kPa. Two groups have also demonstrated rotational-based pumps that use integrated radial in-flow microturbines. Deux [11] demonstrated a 200-mL/h JP-8 flow rate with up to 14-kPa pressure using a radial in-flow microturbine integrated with a centrifugal geometry and operating at speeds up to 300 000 r/min. Lee et al. [12] demonstrated a 36-mL/h water flow rate with a maximum pressure of 207 kPa using a spiral-groove turbopump with a cascaded radial in-flow microturbine running at speeds of 120 000 r/min. Both groups used hydrostatic air bearings to support the rotors. Although this approach allows for significant rotational speeds, the fabrication is complex, and the operation requires externally controlled pressure plenums with up to 586-kPa pressures [11] . So far, widespread use of rotationalbased pump technologies has been limited primarily due to the need for external motors or externally controlled bearing mechanisms. In this paper, microball bearings are integrated with a radial in-flow air turbine to eliminate the need for an external motor or bearing control mechanism. Furthermore, the fabrication complexity of microball bearings is simplified when compared to air bearings and can be readily integrated with a motoring mechanism.
Our research group has pioneered the development of ball bearing support mechanisms for silicon micromachines and demonstrated a continuous evolution of the technology for lowfriction supports [13] - [15] . In previous work, an encapsulation technique was demonstrated using a high-wear point-contact design that enabled complete integration of a microball bearing and provided full support to a spinning rotor [16] , [17] . Following this, a planar-contact design was implemented in a radial in-flow microturbine platform, demonstrating reduced wear and allowing the development of an empirical model for bearing friction [18] - [20] . The microturbine platform was the first demonstration of a high-speed low-wear microballbearing-supported device showing repeatable operation up to 10 000 r/min in air. However, the microball raceway had a critical design flaw, making it inadequate for long-term operation and requiring a long burn-in period with multiple cleaning steps due to the generation of wear debris.
In this paper, a new spiral-groove viscous pump is integrated with the previously developed radial in-flow microturbine and microball bearing platform to demonstrate a microfabricated turbopump that is implemented on a single platform. The turbopump was designed for liquid fuel delivery applications that meet the requirements of flow rate and pressure in portable power applications. Furthermore, the microball bearing raceway was modified from previously reported designs in [18] - [20] to improve both reliability and performance.
II. DEVICE DESIGN
A. Turbopump Overview
The microfabricated turbopump is composed of three key components: a spiral-groove viscous pump, an encapsulated microball bearing, and a radial in-flow microturbine. These components are integrated together within the pump manifold layer, the rotor layer, and the turbine manifold layer as shown in Fig. 1 . The turbopump is operated by spinning the rotor using the microturbine shown in Fig. 1(b) . The microball bearings support the rotor in the radial direction and prevent the turbine blades from rubbing on the lower turbine manifold surface in the thrust direction. The topside of the spinning rotor is a flat surface in close proximity to static spiral grooves on the pump manifold layer [ Fig. 1(c) ], thus creating a small pump gap between the two layers. Viscous forces within the pump gap cause the liquid to be dragged when the rotor is spinning while the spiral grooves guide the flow radially outward. The liquid within the pump is prevented from leaking into the bearings and out of the device using a pressure seal between a nitrogen balance channel and the liquid at the pump outlet [ Fig. 1(a) ].
B. Microturbine
A radial in-flow microturbine was incorporated with the pump and bearing structures as an actuation mechanism and is shown in Fig. 1(b) . To operate the turbine, flow is passed through 24 inlet orifices on the turbine manifold layer, through 29 stator vanes and 24 rotor blades on the rotor layer, before exiting through a hole on the turbine manifold layer located just below the rotor center. The design of the microturbine used in this paper can be found in [20] . The turbine was designed for a speed of 100 000 r/min at a flow rate of 6 slm and 0.5 W of mechanical power. The rotor diameter was kept in this paper to be 10 mm, and the blade height was made to be 200 μm to provide sufficient torque at low turbine flow rates.
C. Encapsulated Microball Bearing
The encapsulated microball bearing shown in Fig. 1(a) within the rotor layer was designed in the same manner as our previous work, which characterized the radial in-flow microturbine and microball bearing mechanism [18] - [20] . The bearing is encased by two bonded silicon layers with a raceway etched into each layer. A journal is etched completely through each wafer to create a rotor that is only supported by the microball bearings. In our previous work, the bond interface between the two raceway layers was designed at the center and inside the microball wear track as shown in Fig. 2(a) . The free edges at the bond interface created stress concentrations that led to excessive wearing and chipping and thereby increased the friction within the microball bearing and decreased the turbine performance over time. Subsequently, cleaning was required to restore the operation back to peak performance. In this paper, the bond interface was moved away from the microball wear track on the radial bearing surface to eliminate the large debris generation and the extra cleaning steps and is shown in Fig. 2(b) .
The microball bearing raceway design used in this paper is shown in Fig. 3 , and Table I shows the parameters and values for the raceway. The parameter h race is used to control the amount of sag within the released rotor. The rotor sag is one of two determinants of the pump gap, i.e., h 2 , with the other determinant being the bond layer thickness between the pump manifold and the rotor layer. The width of the raceway is made to be 5 μm wider than the microball diameter to allow for fabrication tolerance, and the width w 2 is made to be wide enough such that the journal edge is outside of the microball wear track. The bond interface was moved 50 μm from the center of the raceway. This value ensures that the bond interface is removed from the microball contact area and wear track area as determined by inspection of the wear track in previous experiments [20] . 
TABLE I PARAMETERS FOR THE PLANAR-CONTACT BEARING
The operation of this bearing is unidirectional in terms of the applied thrust force. The design of the raceway requires the net thrust force to be in the direction going from the pump side toward the turbine side. This, in turn, requires the pressure on the pump side of the rotor to be greater than the pressure on the turbine side in order for the planar surface of the raceway to contact the microballs. At the same time, the total net thrust force must also overcome the adhesion forces within the pump gap that try to bring the rotor and the pump manifold into contact. The rotor surface can contact the spiral-groove structures and seize the rotor when the net thrust force is in the opposite direction due to the large play in the raceway in that direction.
D. Spiral-Groove Pump
The design for the spiral-groove pump is based on the work published by Muijderman for spiral-groove thrust bearings [21] . Fig. 4 is included to aide in the description of the geometrical variables for the spiral-groove impeller. The performance of the pump in terms of the pressure rise through the pump region follows the analytical equation [21] 
where η is the dynamic viscosity of the working fluid, ω is the rotational speed of the rotor, h 2 and h 1 are the pump gap and the gap between the rotor disc and bottom of the groove structures, respectively, r 2 and r 1 are the outer and the inner radius of the pump spiral grooves, respectively, and Q is the volumetric flow rate of the working fluid. The variables g 1 , H, and H 1 are complex geometric parameters based on α (the spiral-groove angle), H (the ratio of h 2 /h 1 ), and γ (the ratio of the grooveto-ridge widths a 2 /a 1 ). Table II shows the optimized values for α, H, and γ that were determined by Muijderman [21] and used to calculate g 1 , H, and H 1 . The raceway dimensions h and w 1 were chosen to have a 5-μm tolerance built-in in addition to the diameter of the microball (285 μm with a diameter tolerance of 0.25 μm). With this tolerance, the expected sag in the rotor is 5 μm, which is shown in Fig. 3 . From (1), the design of the spiral-groove pump relies heavily on the gap h 2 , outer radius r 2 , and the range of speeds capable with the microball bearing and turbine structure. From [20] , the microball bearing and turbine platform was demonstrated to be reliable and repeatable up to 10 000 r/min. Fabrication tolerances dictate the minimum designed gap size, which is 5 μm. In terms of pressure, the largest outer radius is desired; however, the torque has a much larger dependence on the outer radius [21] T orque = πηω 2h 2 r In this paper, a designed gap of 10 μm was used, with an outer radius of 2.25 mm and an inner radius of 625 μm, to achieve pressures in the range of 7 kPa for flow rates in the range of 10-100 mL/h. The flow rate ranges are suitable for portable power applications using a liquid fuel, and the pressure range is appropriate for a fuel injector (5.2 kPa) that is currently being developed to sufficiently atomize the liquid fuel [22] . Fig. 5 shows the pump curves calculated using (1) for water flow rates up to 90 mL/h and speeds up to 10 000 r/min with a 10-μm gap. These curves demonstrate that our original design point of 5.2 kPa with a 10-mL/h flow rate can be achieved with a rotational speed of 4400 r/min and an estimated torque of 4.6 μN · m required to operate.
III. FABRICATION
The turbopump fabrication is performed in three distinct parts totaling a five-wafer stack (Figs. 6 and 7) . The turbine manifold and the bottom side of the rotor layer together make up the radial in-flow microturbine and house the microball bearing. The pump manifold consists of the pump plumbing channels and ports along with the spiral-groove structures that are suspended above the topside rotor surface and comprise the pump region.
A. Rotor
The turbine rotor layer fabrication starts with two doublesided polished 4-in-diameter silicon wafers. The annular raceway is defined in each of the layers along with fluidic holes. On the bottom rotor layer, the raceway is etched to 95 μm, while the opposing wafer is etched to 195 μm [ Fig. 6(a) ], both using deep reactive ion etching (DRIE) and a patterned AZ9245 thick photoresist masking layer. The different raceway etch depths allow the bond interface between the two layers to be 50 μm from the center of the raceway so that the microball will not contact the interface. After the raceway is etched, journals are patterned using spray-coated AZ4999 photoresist and etched using DRIE [ Fig. 6(b) ].
The surfaces are cleaned using an O 2 plasma ash, and then, a metal bond layer is deposited by electron beam evaporation on both wafer surfaces to be bonded [ Fig. 6(c) ]. The bond layer is composed of Cr (50 nm), Au (50 nm), AuSn (1 μm), and Au (50 nm) stack for eutectic bonding and is patterned by aligning a silicon shadow mask on top during the evaporation deposition. The wafers are diced after metal deposition, and microballs are placed within the silicon raceways in a full compliment fashion, totaling up to 110 microballs. The two layers are aligned using microballs and etched pits with a depth of 145 μm, similar to our previous work [16] - [20] . This enables alignment within 5 μm. The eutectic bond is performed with a temperature of 315
• C and a H 2 /N 2 forming gas at 1300 mbar to help break up any oxidation that may have occurred on the surfaces and to maintain a surface free of organics [ Fig. 6(d) ]. The bond layer does not create a hermetic seal; therefore, no forming gas is trapped inside the raceway.
The final step in the fabrication of the rotor layer is to release the rotor. This is accomplished using a silicon dioxide masking layer and etching the remaining silicon down to the journal extending from the raceway. The silicon dioxide masking layer is patterned prior to dicing the wafers and defines the turbine structures on the bottom side and a release pattern on the topside of the bonded stack [ Fig. 6(e) ]. In addition to the release patterns, the final through-holes are patterned to complete the fluidic passages. The topside of the rotor is released using a 45-μm-wide annular ring, which is 15 μm wider than the journal to ensure that the complete width of the journal is released. On the same layer, alignment pits (matching the microballs) are provided to align between the rotor layer and pump manifold. In this case, the etch depth to release the rotor from the topside is set to be 145 μm. On the bottom side, the turbine geometry is etched 200 μm to form the turbine structures while, at the same time, releasing the rotor.
B. Turbine Manifold
The turbine manifold is fabricated in a 4-in-diameter doublesided polished silicon wafer using two DRIE etching steps each having a patterned AZ9245 thick photoresist masking layer. The first step [ Fig. 6(f) ] patterns the fluidic holes and a cavity to provide sufficient clearance for the turbine blades. The normal force on the turbine rotor causes the rotor to sag into the cavity during operation. The depth of the cavity is chosen such that the clearance above the turbine blades is less than 20% of the 200-μm blade height. This is done to minimize tip clearance flow while simultaneously allowing sufficient space for the bearing surfaces to wear without the rotor blades contacting the manifold. The second DRIE step completes the through etches from the backside for the turbine exhaust and fluidic ports [ Fig. 6(g) ].
C. Pump Manifold
The pump manifold is composed of a 4-in-diameter doublesided polished silicon wafer with channels on the topside and pumping structures on the bottom side [ Fig. 6(h)-(l) ]. The pump inlet, pump outlet, and fluidic port through-holes are started on the topside of the 4-in silicon wafer [ Fig. 6(h) ] using DRIE and an AZ9245 thick photoresist masking layer. Next, the fluidic channels are patterned into the silicon to a depth of 200 μm using DRIE and a 1-μm-thick silicon dioxide masking layer deposited using plasma-enhanced chemical vapor deposition [ Fig. 6(i) ]. The nitrogen balance channels and fluidic through-holes are then patterned on the backside of the wafer using DRIE and an AZ9245 photoresist masking layer [ Fig. 6(j) ]. A Pyrex wafer is attached to the topside of the wafer using anodic bonding, capping off the pump inlet and outlet channels [ Fig. 6(k) ]. The final DRIE is performed to define the pump spiral grooves [ Fig. 6(l) ] using a 1-μm-thick silicon dioxide masking layer. This step is not performed until the sag of the rotor is measured and the required groove depth is determined to satisfy the optimized ratio H = 0.29 from [21] .
The pump gap is dictated by both the bond layer thickness used to bond the pump manifold to the rotor layer and the final sag exhibited by the rotor. The average rotor sag for bonded rotors was measured using an optical profilometer to be 5 ± 1 μm. The bonding layer thickness is determined in the final assembly step described in the following section. A single pump manifold was used for the devices in this paper and had a spiral-groove depth of 27.5 μm, which was optimized for a pump gap of 11 μm (Fig. 8) .
D. Turbopump Layer Assembly
The turbopump layers shown in Fig. 7 are assembled together at the die level. The pump manifold layer is first bonded to the rotor layer via photoresist. Photoresist was chosen as a temporary bond layer to allow the pump gap to be easily modified and was deposited by spraying the photoresist, using a Suss Microtec Altaspray system, through a silicon shadow mask. The photoresist layer covered an approximate surface area of 450 mm 2 . Photoresist bonding was performed on a hotplate at 110
• C for 3 min with a 100-g weight placed on top of the stack. Knowing the final thickness of the photoresist bond layer is crucial in determining the fabricated pump gap. The sprayed-on photoresist thickness was measured on a separate sample using the same curing temperature and time, but without compression. In these measurements, the thickness variation across the die was ±0.5 μm. The thickness of the bonded photoresist is not readily measured but is believed to shrink significantly during the baking procedure due to compression and solvent evaporation. The original photoresist thickness used in this paper was 10 μm so that the resulting minimum pump gap after photoresist shrinkage would be the designed 10 μm. In this case, the photoresist thickness is believed to be anywhere from 5 to 10.5 μm, and thus, the total pump gap, including the rotor sag, is estimated to be between 9 and 17.5 μm.
Before bonding the turbine manifold to the rotor stack, tubulations were attached for fluidic connection using epoxy. The turbine manifold is assembled with the rotor/pump stack by clamping using a lid in the device jig and the jig cavity to align the layers. Fig. 9 shows an assembled turbopump device, which has a total volume of 1.5 cm 3 , including the large throughholes at the periphery of the device. These through-holes were designed to simplify the experimental characterization and could be removed for practical implementation of an integrated device. Not considering the added volume for these fluidic paths, the device volume is 0.8 cm 3 .
IV. TESTING AND RESULTS
A. Experimental Apparatus
The experimental apparatus used to characterize the microturbine and turbopump is shown in Fig. 10 , and an image of the device fixture is shown in Fig. 11 . The pressure, liquid, and gas handling ports correspond to the through-holes on the turbopump device. Five key areas are outlined: 1) turbine inlet; 2) pump inlet; 3) thrust balance; 4) pump pressure differential; and 5) pump outlet.
Control of the turbine is achieved using pressurized nitrogen with an inline manual control valve and an Omega FMA series flow meter (0-50 slm). The pressure entering the turbine inlet is monitored using an Omega PX480A-060GV pressure transducer. The flow rate of the turbine is controlled via the manual valve and logged with the turbine inlet pressure. The turbine exit is exhausted to ambient. The balance flow is controlled via a manual control valve in line with the device and nitrogen source. An Omega PX181-015G5V pressure transducer monitors the balance pressure at the periphery of the rotor. The balance pressure is maintained above the pump outlet pressure to prevent liquid from entering the bearing. This is necessary to ensure that the microball bearings remain dry during operation of the turbopump.
The working liquid is fed into the pump inlet using a syringe pump with a 1-μm inline filter. The syringe pump was used to prime the turbopump and to maintain a fixed flow rate during the experiments. The liquid exiting at the pump outlet is fed to a beaker. The liquid pressure at the pump outlet is controlled using a manual flow valve. The pressure rise across the pump is measured using two Omega PX480A-001GV pressure transducers (0.3% full scale accuracy) placed at the pump inlet and outlet pressure taps.
The optical displacement sensor (ODS) shown in Fig. 11 is used to detect the speed of rotation using the measurement geometry at the center of the turbine rotor. A D6 ODS from Philtec, Inc., is connected in line with a 200-kHz voltage amplifier and fed to a data acquisition card along with all of the voltage signals from the pressure transducers and flow meter. A PC running NI LabVIEW software is used to monitor all pressures along with the turbine flow rate and rotor speed. All pressure transducers were calibrated to zero using the logged data at ambient conditions so that all pressure measurements are relative to atmospheric pressure.
B. Microturbine and Bearing Characterization
The microturbine and microball bearing performance and robustness were characterized without the pump manifold using a high-speed/high-load test. The performance before and after the pump manifold is assembled was also characterized at 10 000 r/min, which was the upper design speed for the turbopump. Before the pump manifold was assembled to the rotor stack, testing was performed using only the rotor layer and the turbine manifold. The topside of the rotor was sealed by a gasket (in place of the pump manifold), and an o-ring having a thickness of 1.6 mm was used to create a large air gap and to ensure that air drag is negligible. A high-speed and high-loading test was performed by increasing the turbine inlet flow to the maximum pressure of the nitrogen supply. This allowed a maximum flow rate of 13 slm to pass through the turbine. During this test, the turbine flow also accesses the sealed topside of the rotor through the bearing journals and pressurizes the cavity. The pressure exerted on the rotor surface created an approximate thrust force of 2.2 N. This force was calculated by integrating the measured pressures across the top and bottom surfaces of the rotor. The pressure between each measurement was assumed to drop linearly; therefore, the calculated thrust force is an approximation. A high speed up to 87 000 r/min was achieved as shown in Fig. 12 ; however, device performance afterward was decreased.
After the test was performed, the device was disassembled to inspect the microball raceway and determine the amount of wear. Scanning electron microscopy (SEM) inspection shows minimal raceway wear in Fig. 13 after approximately 100 000 revolutions and maximum rotational speed of 87 000 r/min. The wear track was measured to be less than 100 nm deep using an optical profilometer. An accurate measurement is difficult due to the surface roughness and curvature of the DRIE surface where the raceway wear appears to be a smoothing of the surface roughness peaks rather than wearing of the underlying silicon. The reason for decreased performance after reaching the maximum was not readily evident but is believed to be due to fracturing of thin sections of the raceway due to the extreme thrust force. Other devices have been routinely operated at speeds greater than 50 000 r/min without significant performance decreases. The observed thrust force of 2.2 N is ten times higher than the forces on the rotor during pumping and, when combined with the significantly higher rotor speed, is expected to exhibit larger amount of wearing.
The operation of the turbine was also characterized before and after the pump manifold was attached to generate a baseline turbine performance and to ensure that the assembly procedure does not adversely affect the turbine operation. The observed viscous drag and startup friction is expected to be greater when the pump manifold is attached due to the small gap between the pump manifold and the rotor. This was seen in the characterization results shown in Fig. 14 by the increased turbine flow to spin the rotor at the same speed as without the pump manifold. This characterization verifies proper turbine performance and was performed throughout the experiments to monitor the bearing operation.
The modified planar-contact bearing developed in this paper was able to achieve more than 3.5 million revolutions with an average speed of 10 000 r/min without any decrease in turbine performance and no cleaning. This continuous operation, together with rotational speeds up to 87 000 r/min, demonstrates a notable improvement over previous work where the bond interface between the two rotor layers generated substantial debris and limited performance.
C. Turbopump Characterization
The turbopump is started by introducing the liquid within the pumping structures before spinning the rotor. The pump outlet pressure is monitored so that the balance pressure at the periphery can be adjusted, thereby maintaining a seal between the liquid and air. For most experiments, the initial flow rate was set by the syringe pump to be 60 mL/h, and the balance pressure was maintained at 6.2 kPa with a 3.2-kPa pump outlet pressure as shown in Fig. 15 . Without the rotor spinning (before time t 1 ), the pressure at the pump inlet is larger than the pressure at the pump outlet because the syringe pump is providing a pressure-driven flow. In this case, energy is lost through the static pumping structures, and the pressure rise through the pump region is negative. The turbopump is not considered to be pumping until the pressure rise through the pump is positive. This is when the pump is increasing the energy of the fluid through the pump region rather than decreasing it.
The pump was started at time t 1 (Fig. 15 ) by providing flow through the turbine manifold. The flow rate through the turbine was increased until the speed reached 10 000 r/min. At this speed and liquid flow rate, the pressure rise through the pump settles to +2.2 kPa, meaning that the turbopump is considered to be pumping.
Pump operation was characterized using a device having a gap estimated to a range between 9 and 17.5 μm. During testing, the pump outlet was kept elevated at 3.5 kPa to ensure that the normal force exerted on the rotor was enough to be greater than the adhesion forces at all rotor speeds and pump pressures. The flow rate was varied from 10 to 80 mL/h using the syringe pump. The pressure rise through the pump was measured across the range of flow rates for rotor speeds of 5000, 7500, and 10 000 r/min. The maximum pressure rise of 8.2 kPa was observed with a rotor speed of 10 000 r/min and a liquid flow rate of 10 mL/h.
The experimental data were compared to (1) by assuming a range of possible pump gaps. It is difficult to know exactly the gap due to photoresist shrinkage during the bonding process and the nonuniformity of the photoresist and rotor sag. Fig. 16 shows the pump curve for 10 000 r/min and a pump gap ranging between 10 and 16 μm corresponding to the possible range of pump gaps. The experimental data fit well to a pump gap corresponding to 12 μm. The analytical lines that correspond to the pump gap of 12 μm are shown in Fig. 17 along with the experimental results for the three rotational speeds, which show good agreement. 
V. DISCUSSION
The air turbine in the turbopump developed is envisioned to be replaced with an electrically driven micromotor to enable a controlled fuel delivery in power generation applications. For this purpose, rotational speeds around the 10 000-r/min mark were investigated. Integration with an electronically driven micromotor will enable precision control and a broad range of applications beyond just the PowerMEMS applications being sought after in our effort. Ongoing development of a variable capacitance micromotor has shown the potential to operate in the range of 10 000 r/min [23] . Our results have shown the microball bearing mechanism to be stable in the 10 000-r/min range; however, higher speed operation may be possible. At higher rotational speeds, the pump region can be made smaller, thereby drastically reducing the torque required to operate the pump for the same flow rates and pressures.
The low wear within the bearings, even the demonstrated low wear for the high-speed operation at 87 000 r/min, suggests a long lifetime, but further experiments are required to quantitatively predict the wear and lifetimes of these devices. A first step to improve both the friction and lifetime is to investigate solid-film lubricants to be applied on the silicon raceway surface. This will allow a hybrid bearing mechanism in which the ball material properties and raceway material properties may be matched better in terms of optimum Young's modulus and hardness values [24] , [25] .
As shown from the friction characterization in [20] , it will be critical to control the normal force to reduce the friction. Normal force control is also critical for the spiral-groove viscous pump demonstrated in this paper as it ensures the proper thrust direction in the rotor and maintains the pump gap. By controlling a micromotor's pull on the rotor, the bearing mechanism can be flipped, and a smaller pump gap maintained through the electrically induced normal force rather than the pneumatic balance feed and pump inlet pressure control used in this paper. Smaller pump gaps were investigated using the latter approach; however, continuous pumping could not be achieved. Adhesion forces become more dominant in devices with smaller gaps and require a larger separation pressure force across the pump region. At sufficiently low rotor normal forces, the rotor is believed to lift off the microball raceway surface and close the gap between the top rotor surface and the spiral grooves on the pump manifold. This causes an increase in the viscous loss within the gap, slowing the rotor and, in the case of smaller gap configurations, seizing the turbine. An alternative design of the pump manifold, rotor orientation, and air turbine mechanism, which accounts for the adhesion forces, may be developed to enable smaller pump gaps and increased performance.
The design of the turbopump and the experimental platform developed allow many configurations of viscous pump geometries to be utilized on the pump manifold layer using a single rotor. The analytical model used to design the spiral-groove structures and gap assumed a linear pressure distribution in the spiral-groove region [21] . In addition, this paper did not take into account the effect of the spiral-groove ends where the pressure distribution cannot be assumed linear or microchannel flow effects such as the viscous dissipation and entrance effects as described by Koo and Kleinstreuer [26] . These unaccounted effects may be able to describe the small discrepancy between the experimental data and (1) that is shown in Fig. 17 . The turbopump platform can be used to investigate the fluid dynamics of the spiral-groove design and can serve as a platform to optimize the critical spiral-groove geometries such as α, H, and γ in (1). Furthermore, the platform allows for many types of rotary viscous pumps to be investigated.
VI. SUMMARY AND CONCLUSION
In summary, the first pumping action using a turbopump supported by microball bearings was demonstrated in this paper, highlighting the potential of this technology for a variety of liquid pumping applications. A turbopump was created by integrating together a radial in-flow microturbine actuation mechanism, a modified microball bearing support mechanism, and a spiral-groove pump. The microturbine was characterized up to 10 000 r/min after initial rotor fabrication as well as after being assembled into a turbopump and found to be repeatable with revolutions greater than 3.5 million without cleaning. The turbine performance was observed to improve with the modified planar-contact bearing design when compared with a previous microturbine that was used to study bearing friction. Furthermore, high-speed operation of the turbine and microball bearing was demonstrated with rotational speeds up to 87 000 r/min. Continued work focuses on hard coatings to reduce the friction between the raceway and microball [23] , [24] and, therefore, further increase the potential speeds.
A microfabricated turbopump was characterized at rotational speeds ranging from 5000 to 10 000 r/min and achieved flow rates from 10 to 80 mL/h, reaching a maximum pressure rise of 8.2 kPa. These flow rate and pressure ranges meet the requirements for portable power applications and upstream components currently under development. The experimental curves were compared to the analytical equation for pressure rise and found to fit well with a 12-μm pump gap.
The design and development of robust methods for encapsulated microball bearings, microturbines, and pumping structures have culminated in the successful demonstration of a microturbopump. Not only do the components developed allow for liquid pumping but also alternative applications are envisioned. The microball bearing platform developed and characterized enables other MEMS applications to be effectively designed and incorporated into numerous rotary applications. Lastly, the bearing mechanism and pumping technology can be thoroughly investigated and optimized using the platform described.
